. It is also observed that such hierarchically porous structure could be maintained after annealing at 1500 C. A pore size homogenization process is proposed to clarify the changes of porous architectures during the high temperature annealing.
Introduction
Hierarchically porous ceramics (HPCs) are a kind of ceramics containing macropores (> 50 nm), mesopores (2 ~ 50 nm) and/or micropores (< 2 nm) [1] . Due to the special hierarchical architecture, HPCs possess high surface area and large pore volume combining with excellent interconnected mass transport channels [1] . With these characteristic properties, HPCs are much more effective for applications in drug delivery, catalysis, energy conversion, photonic devices, gas storage, sensors, and filtration/separation than single-size porous counterparts [1] [2] [3] [4] [5] . Previous studies in this field were primarily focused on porous oxide ceramics. However, these oxide ceramics are not suitable for applications such as high temperature sensors due to their limited thermostructural and thermochemical stability [6] [7] [8] [9] . Consequently, research efforts have been made to obtain hierarchically porous non-oxide ceramics which exhibit better thermal stability and chemical inertness [4, 5, [10] [11] [12] [13] . A variety of synthesis methods such as replica, sacrificial template, direct foaming, and freeze-drying have been explored [13] [14] [15] [16] [17] . One of the most promising non-oxide ceramics is polymer-derived silicoboron carbonitride (SiBCN) ceramic, which exhibits excellent stability at ultra-high temperature up to 2000 C [8, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In addition, compared to polycrystalline ceramics prepared by powder metallurgy based techniques, polymer-derived ceramics (PDCs) exhibit a set of unique properties such as high-temperature semiconducting and piezoresistivity [29] [30] [31] [32] . The direct chemical-to-ceramic process of PDCs also offers an unusual flexibility to synthesize components with various shapes and structures [33] [34] [35] [36] [37] [38] . Majoulet and coworkers reported the synthesis of hierarchically porous SiBCN ceramic monolith by spark plasma sintering (SPS) of ordered mesoporous SiBCN powders [4] . Nevertheless, synthesis of hierarchically porous SiBCN ceramics has not been extensively explored.
Herein, we report a new template-free method to synthesize a hierarchically porous SiBCN monolith from a tailor-made organic gel precursor. The structures and thermal properties of the organic gel precursors and the obtained porous SiBCN monolith were studied in detail. With the good formability of the organic gel precursors, this method could be further used to in-situ prepare various hierarchically porous non-oxide ceramic monoliths in different shapes. and C 3 H 6 Cl 2 Si. In the end, oily transparent TCB was obtained by vacuum drying to remove volatile components such as toluene and dimethylsulfide.
Experimental section

Bis(trimethylsilyl)carbodiimide (BTSC).
First, 16.8 g dicyanamide, 70.8 g hexamethyldisilazane and 0.1 g ammonium sulfate were mixed in a 250 ml flask with a reflux condenser. The temperature was then gradually increased to 160 C. After 3 h reaction, the mixture was turned into a transparent liquid. BTSC was then collected by a fractional distillation of the transparent liquid at 162 C.
Synthesis of organic gel precursors
The obtained TCB and BTSC were used to synthesize organic gel precursor for the As a result, a yellow hard organic xerogel precursor monolith with a cylinder shape was obtained and named as BPSC-PS.
Synthesis of porous SiBCN Ceramic Monolith
The BPSC-PS monolith precursor was first heated at 400 C for 4 h, named BPSC-PS-400. BPSC-PS-400 was then pyrolyzed at 1000 C for 4 h under a nitrogen flow to obtain porous SiBCN ceramic monolith (named SiBCN-1000). The ceramic yield was 15%. SiBCN-1000 was further annealed at 1500 C for 4 h under a nitrogen flow and the obtained product is named SiBCN-1500.
Characterization
Fourier transform infrared (FT-IR) spectra of TCB, BTSC, BPSC-PS and SiBCN-1000 was measured with Archimedes' method using water as the immersion medium. X-ray diffraction (XRD) measurements were carried out on a Rigaku Ultima IV X-ray diffractometer using a Cu K  radiation with a wavelength of 0.154 nm.
Results and discussion
Structures and pyrolysis properties of organic gel precursors
The key procedures to obtain 3D porous SiBCN ceramic monolith are the synthesis of organic gel precursor BPSC and keeping its 3D network from collapsing. BPSC was obtained by the gelation reaction of TCB and BTSC according to Equation (1) . The structures of TCB, BTSC were investigated by FT-IR spectra as shown in Figure 1 Eq. (1) According to Equation (1), the liquid Me 3 SiCl is about 65 wt% of the entire wet gel.
If the Me 3 SiCl was directly removed, the 3D BPSC network would collapse due to the surface tension [6, 39, 40] . Herein, we design a novel approach to stabilize the 3D network by replacing Me 3 SiCl with polystyrene (PS) forming a diphasic BPSC-PS xerogel. PS was solid at RT and stable up to 350 C (will be discussed in TGA analysis later), which would provide effective support to the 3D BPSC network preventing from collapse. In the FT-IR curve of BPSC-PS (Figure 1 In order to analyze the pyrolysis properties of BPSC-PS xerogel, its TGA curve is shown in Figure 2 . The thermal behavior of BPSC-PS is characterized by a three-step mass loss from RT to 950 C. The first step is the temperature range from RT to 400 C with a weight loss of 30%, the second step is from 400 °C to 480 C with an interval weight loss of 50%, and the third step is from 480 °C to 950 C with an interval weight loss of 5%. This three-step mass loss results a total weight loss of 85% for BPSC-PS, indicating a total ceramic yield of 15%. This value is equal to the ceramic yield calculated from the differential weight of BPSC-PS and SiBCN-1000. The low ceramic yield indicates that the process is not suitable to produce dense polymer-derived bulk ceramics because it is difficult to inhibit the appearance of cracks [39] . Nevertheless, it is beneficial to produce porous ceramics with the premise that the 3D porous structure is stable. In order to further analyze the decomposition behaviors, the TGA curves of pure BPSC (after removing Me 3 SiCl) and PS were obtained and shown in Figure 2 . It is observed that these two curves cross at 400 C and form a triangle region with the curve of BPSC-PS in the temperature range from 400 C to 420 C. Theoretically, these three TGA curves should intersect at 400 C. However, the 3D skeleton of BPSC-PS xerogel hinders the decomposing components of PS from running out. As a result, the weight loss rate of PS in the BPSC-PS xerogel is lower than that of pure PS, leading to a hysteresis region in the temperature range from 400 C to 420 C. In order to investigate the structural changes during pyrolysis, the FT-IR spectra of BPSC-PS-400 and SiBCN-1000 were measured and shown in Figure 1 . There are no peaks for PS found in BPSC-PS-400, indicating the complete removal of PS after pyrolysis at 400 C for 4 h. The FT-IR peaks for C=N (1660 cm 1 ) observed in BPSC-PS-400 indicates that the Schiff base structure was formed during the pyrolysis, and this structure is originated from the elimination of nitrogen and cyanogen (C 2 N 2 ) [22, 39] . The FT-IR spectrum of SiBCN-1000 shows broad peaks of BC (1346 cm 1 ) and SiC/SiN (918 and 807 cm 1 ), which reflect the typical inorganic structures in SiBCN ceramics. Thereby, the hierarchically porous SiBCN monolith in which the micropores and mesopores are interconnected with a continuous macroporous network was obtained.
Structures of hierarchically porous SiBCN monolith
High temperature stability of porous SiBCN monolith
To analyze the high temperature stability, SiBCN-1000 was further annealed at 1500 analyze the medium-range local ordering structures in amorphous materials [41] [42] [43] . It is observed that the first principal diffraction peak of XRD pattern for SiBCN-1500 is sharper than that for SiBCN-1000, indicating that there are more uniform local-ordering structures in SiBCN-1500. In order to obtain the medium-range ordering distances in SiBCN-1000 and SiBCN-1500, a Lorentz method was used to fit the XRD curves in (Figure 4(c) ), a pore enlargement process occurs due to the carbothermal reduction reaction, which consumes the free C in the pore walls and enlarges the micropores and mesopores, leading to the disappearance of micropores and a larger average pore size in SiBCN-1500. These two processes generate more mesopores in SiBCN-1500.
Conclusion
The template-free synthesis method for the hierarchically porous SiBCN monolith has been established by in-situ pyrolyzing organic gel precursors. The key process of this method is the complete replacement of Me 3 SiCl by PS, which stuffs the pores and 
